Abstract Dysregulation of neuropeptides may play an important role in aging-induced impairments. In the long list of neuropeptides, pituitary adenylate cyclaseactivating polypeptide (PACAP) represents a highly effective cytoprotective peptide that provides an endogenous control against a variety of tissue-damaging stimuli. PACAP has neuro-and general cytoprotective effects due to anti-apoptotic, anti-inflammatory, and antioxidant actions. As PACAP is also a part of the endogenous protective machinery, it can be hypothesized that the decreased protective effects in lack of endogenous PACAP would accelerate age-related degeneration and PACAP knockout mice would display age-related degenerative signs earlier. Recent results support this hypothesis showing that PACAP deficiency mimics aspects of age-related pathophysiological changes including increased neuronal vulnerability and systemic degeneration accompanied by increased apoptosis, oxidative stress, and inflammation. Decrease in PACAP expression has been shown in different species from invertebrates to humans. PACAP-deficient mice display numerous pathological alterations mimicking early aging, such as retinal changes, corneal keratinization and blurring, and systemic amyloidosis. In the present review, we summarize these findings and propose that PACAP deficiency could be a good model of premature aging.
Introduction
Neuropeptides are common signaling molecules in the central nervous system and in the periphery involved in a wide range of physiological functions, acting as neurotransmitters, neuromodulators, or hormones. Coexisting and co-released with classical neurotransmitters, they can simultaneously modulate many different processes. Functional consequences of neuropeptides are most evident in pathophysiological processes, tissue injury, or stress situations when they promote cellular plasticity and protection against harmful stimuli. Recent human studies have revealed that dysregulation of neuropeptides may play an important role in aging-induced impairments (Ma et al. 2015; Ogren et al. 2010 ). In the long list of neuropeptides, pituitary adenylate cyclaseactivating polypeptide (PACAP) represents a highly effective cytoprotective peptide that provides an endogenous control against a variety of tissue-damaging stimuli.
PACAP was discovered as a hypothalamic neuropeptide in 1989. In the last 30 years since its discovery, hundreds of functions of the peptide have been described and some of these effects have been emerging in therapeutic approaches of various diseases Rubio-Beltran et al. 2018; Werling et al. 2016) . One of the most studied effects of PACAP is its protective effect due to anti-apoptotic, anti-inflammatory and antioxidant actions. As PACAP is also a part of the endogenous protective machinery, it can be hypothesized that the decreased anti-apoptotic, anti-inflammatory, and antioxidant effects in lack of endogenous PACAP would accelerate age-related degeneration and PACAP knockout mice would display age-related degenerative signs earlier. Recent results support this hypothesis showing that PACAP deficiency mimics aspects of age-related pathophysiological changes including increased neuronal vulnerability and neuronal degeneration accompanied by increased apoptosis, oxidative stress, and inflammation. In the present review, we summarize these findings and propose that PACAP deficiency could be a good model of premature aging.
PACAP and its receptors
PACAP occurs in two forms: PACAP38 and 27, with PACAP38 being dominant in vertebrates (Vaudry et al. 2009 ). PACAP is found in highest concentrations in the nervous system, but it is present in endocrine glands and in other peripheral tissues. The presence of two main groups of receptors (specific PAC1, and VPAC1 and VPAC2, which bind VIP with similar affinity), the currently known eight splice variants of PAC1 receptor, the transactivation of other receptors and the receptor-independent cellular uptake may explain the diverse effects of PACAP in all organs and tissues (Dickson and Finlayson 2009; Holighaus et al. 2011; Liao et al. 2018; Moody et al. 2011 Moody et al. , 2016 . PACAP acts via adenylate cyclase/protein kinase A (PKA)/ mitogen-activated protein kinase (MAPK) and phospholipase C/inositol triphosphate downstream-signaling pathways, but also acts on Ca 2+ release (Dickson and Finlayson 2009; Holighaus et al. 2011; Vaudry et al. 2009 ). The action on the signaling pathways and thus, the physiological or pharmacological effects depend on the expressed receptors, tissue/cell types, and other factors present in the environment (Vaudry et al. 2009 ). The expression of PACAP and the activation of PAC1/PACAP signaling also depend on a variety of factors, including developmental stage (Basille et al. 2000) , balance between signaling pathways (Fukuchi et al. 2016) , environmental factors (Horvath et al. 2015) , physiological conditions Nemeth et al. 2006; Rudecki and Gray 2016) , daily rhythm (Jozsa et al. 2001; Somogyvari-Vigh et al. 2002) , and the presence of harmful stimuli (Giunta et al. 2012; Lam et al. 2012; Pettersson et al. 2014; Somogyvari-Vigh et al. 2002; Szakaly et al. 2010 ) and pathological conditions (Ergang et al. 2015; Feher et al. 2018; Han et al. 2014a Han et al. , 2014b Helyes et al. 2015; Sarszegi et al. 2018 ). PACAP's actions are very diverse, among others, it plays important roles during the development of the nervous system and several peripheral organs Watanabe et al. 2016) , influences anxiety, stress coping and addictionrelated behaviors (Iemolo et al. 2016; King et al. 2017; Kormos et al. 2016; Mai et al. 2018; Miles et al. 2018) , cognitive functions (Han et al. 2014a (Han et al. , 2014b , feeding (Sekar et al. 2017) , thermoregulation (Barrett et al. 2017; Garami et al. 2016) , endocrine functions (Egri et al. 2016; Koves 2016) , gastrointestinal secretion and motility (Padua et al. 2016; Reglodi et al. 2018b ), urinary functions (Heppner et al. 2018) , cardiac excitability (Parsons and May 2018) , vascular relaxation (Ivic et al. 2017a) , and tear secretion ).
PACAP has neuro-and general cytoprotective effects PACAP is referred to as a growth factor in the nervous system (Ogata et al. 2015; Watanabe et al. 2016) . Regenerative mechanisms often require reemployment of mechanisms used during early development (Waschek 2002; Ungvari et al. 2017) . Indeed, PACAP is upregulated upon numerous harmful stimuli, supporting its endogenous protective effects in restorative processes (Marzagalli et al. 2016; Pettersson et al. 2014; Reglodi et al. 2018d; Somogyvari-Vigh and Reglodi 2004) . Therefore, it is not surprising that both endogenous and exogenous PACAP has strong neuroand general cytoprotective effects. PACAP is unique, since, unlike other neuropeptides, such as its structurally closest analogue, vasoactive intestinal peptide (VIP), it has a potent triple action of anti-apoptotic, anti-inflammatory, and antioxidant effect in a very broad range of tissues. This exceptional combination of PACAP's actions is the rationale for our focus on this neuropeptide, which is evolutionarily conserved and secreted by neurons, endothelial, immune, and endocrine cells Somogyvari-Vigh and Reglodi 2004; Vaudry et al. 2009 ). The main signaling route is likely through the protective pathways activated by the PAC1 receptor/ PKA and PKC-mediated signaling, leading to a decrease in pro-apoptotic factors (e.g., caspases, cytochrome c, Bad, Bax, JNK, p38 MAPK, and apoptosis-inducing factor) and an increase in antiapoptotic signaling molecules (e.g., Bcl-2, Bcl-xL, ERK, and 14-3-3 protein) (Brifault et al. 2016; Reglodi et al. 2018d ). The accompanying effect on the anti-inflammatory pathways and antioxidative molecules help in the neuroprotective effect (MasmoudiKouki et al. 2011; Wada et al. 2013 ). In addition, PACAP stimulates the release and transactivation of other trophic factors, such as BDNF and NGF (Fukuchi et al. 2015; Moody et al. 2012; Reglodi et al. 2011) . The direct effects on neurons are further supported by PACAP's effects on glial cells, like effects on astrocytes, oligodendrocytes, and microglial cells (Delgado et al. 2003; Douiri et al. 2016; Masmoudi-Kouki et al. 2011; Vincze et al. 2011 ). PACAP is not only protective in neuronal and glial cells but also has highly potent general cytoprotective effects shown in various tissue types against different insults, including the kidney (Horvath et al. 2018; Sakamoto et al. 2015) , intestine (Heimesaat et al. 2014; Horvath et al. 2016) , bone and cartilage (Juhasz et al. 2015) , Schwann cells (Castorina et al. 2008) , endothelial cells (Racz et al. 2007) , liver (Ji et al. 2013) , skin (Kemeny et al. 2010) , thymus (Zhang et al. 2012) , and lungs (Onoue et al. 2004 ).
PACAP-deficient mice are more vulnerable to injuries PACAP-deficient mice have helped in elucidating endogenous functions and mechanisms of PACAP. An increasing number of studies indicate many different roles played by the endogenous peptide, the lack of which leads to various disturbances. A few studies have shown that under normal circumstances, the development of most tissues in PACAP KO animals is not markedly different from wild types, only slight morphological differences can be detected (Endo et al. 2011; Farkas et al. 2017; Fulop et al. 2018a; Kovacs-Valasek et al. 2017) . However, these subtle biochemical, synaptic, and ultrastructural differences may underlie the altered response to several physiological and pathological stimuli, like altered cortical axonal branching, changes in myelination process, inner ear structure, and cerebellar migration in the nervous system (Allais et al. 2007; Tamas et al. 2012; Vincze et al. 2011; Yamada et al. 2010) . PACAP KO mice display several metabolic, behavioral, and inflammatory alterations (Abad and Tan 2018; Gaszner et al. 2012; Hashimoto et al. 2010; Hatanaka et al. 2008; Lajko et al. 2017; Maasz et al. 2014; Sandor et al. 2010) and have even altered intestinal bacterial flora (Heimesaat et al. 2017) . Differences are especially apparent under pathological circumstances, when PACAP-deficient mice show increased sensitivity to various stressors. It has been shown that PACAP KO mice react with more severe injury in cerebral, retinal, kidney and intestinal ischemic lesions, cerebellar toxicity, and have slower nerve regeneration and impaired regeneration after spinal cord injury and stroke, further supporting PACAP's endogenous cytoprotective role (Armstrong et al. 2008; Ferencz et al. 2010; Horvath et al. 2010; Matsumoto et al. 2016; Ohtaki et al. 2006; Szakaly et al. 2011; Tsuchikawa et al. 2012; Vaudry et al. 2005) . All these results point out the important role of endogenous PACAP played in the normal development and in resistance of various tissues against stressful stimuli . This increased sensitivity is also shown by the higher mortality rate of mice lacking endogenous PACAP (Endo et al. 2011; Matsumoto et al. 2016; Reglodi et al. 2018c) , leading some researchers not to use homozygous PACAP knockout mice for their studies, only heterozygous ones (Endo et al. 2011; Matsumoto et al. 2016 ). As PACAP is part of the endogenous protective machinery, it can be hypothesized that the decreased antiapoptotic, anti-inflammatory, and antioxidant effects in lack of endogenous PACAP would accelerate agerelated degeneration and PACAP knockout mice would display age-related degenerative signs earlier.
Recent results support this hypothesis showing that PACAP deficiency mimics aspects of age-related pathophysiological changes including increased neuronal vulnerability and neuronal degeneration accompanied by increased apoptosis, oxidative stress, and inflammation. Below, we summarize these findings and propose that PACAP deficiency could be a good model of premature aging.
PACAP levels change in aging Marked PACAP decline was described in aging rhesus macaque brains in the striatum, hippocampus, and in the temporal and parietal lobes (Han et al. 2017 ). In the old macaques, PACAP levels inversely correlated with advanced age, and cognitive performance in old animals showed a positive correlation with PACAP intensity (Han et al. 2017) . PACAP peptide levels were reduced in the hippocampus and surrounding cortical areas in human amyloid precursor protein transgenic mice (Han et al. 2017) , similarly to earlier descriptions in triple transgenic mice (Han et al. 2014b ). This latter gene expression survey using three different transgenic mouse models of Alzheimer's disease showed that PACAP was one of the three genes that were downregulated, in addition to two other trophic factors: brainderived neurotrophic factor and insulin-like growth factor (Wu et al. 2006) . These mouse models were familial Alzheimer's knock-in mutations amyloid precursor protein and presenilin or amyloid precursor protein overexpression models (Wu et al. 2006) . The decrease in PACAP expression in age-related neurodegenerative conditions were also confirmed in the human brains by several studies. In Alzheimer's patients, decreased mRNA for PACAP was shown in the temporal lobe samples (Wu et al. 2006) . The reduced PACAP expression was inversely correlated with amyloid beta and tau protein levels (Han et al. 2014b ). Considering PACAP peptide levels, significant decreases were observed in brain homogenates of Alzheimer's patients (Han et al. 2014b) . Detailed analysis showed that PACAP levels were reduced in human entorhinal cortex, middle temporal and superior frontal gyri, and primary visual cortex both at the mRNA and protein levels associated with pathological hallmarks of Alzheimer's disease: PACAP levels were reduced with higher amyloid plaque scores in the entorhinal cortex and superior temporal gyrus, but not in the primary visual cortex, a region spared in most cases of the disease. In advanced Braak stages, lower levels were detected than in moderate stages. Lower PACAP levels were measured parallel with the reduced brain tissue levels also in postmortem cisternal cerebrospinal fluid (CSF) of the same patients (Han et al. 2014a) . Additionally, PACAP concentrations in patients with Alzheimer's disease strongly correlated with functional dementia rating scores. The inverse correlation between PACAP and the pathological hallmarks of the disease imply that PACAP is not only reduced in Alzheimer's disease but also represents the severity of this pathology (Han et al. 2014a (Han et al. , 2014b . These data suggest that the severely reduced neurotrophic effect of PACAP may be a contributing factor in age-related Alzheimer pathology. In a follow-up study, the same authors demonstrated that PACAP reduction was associated with mild cognitive impairment, a condition preceding Alzheimer's disease in the same brain areas (Han et al. 2015) . It was found that PACAP levels were lower not only in the superior frontal gyrus and middle temporal gyrus but also in the CSF (Han et al. 2015) , although to a lesser extent than in fully developed Alzheimer's disease. In other dementias, no such decline was observed, suggesting a disease-specific decline of PACAP. Values inversely correlated with dementia rating scores, implying a progressive decline of PACAP levels in Alzheimer-related dementias. The expression level of the PAC1 receptor shows a more complex pattern: in mild cognitive impairment, an upregulation was observed, but not in fully developed Alzheimer's disease in the superior frontal gyrus, suggesting a transient, possibly compensatory upregulation of PAC1 receptor in mild impairment, an ability/ response lost at more progressed states (Han et al. 2015) . Interestingly, a marked PACAP decline was also observed in the ganglia of the pond snail important in memory formation (Pirger et al. 2014) , indicating a possible evolutionary conserved link between PACAP in aging and memory loss.
A progressive decline in PACAP levels in cerebral microvessels has been shown by Tripathy et al. (2012) . Released PACAP was measured along with other growth factors, like vascular endothelial growth factor and pigment epithelium-derived factor in vessels isolated from rats at 6, 12, 18, and 24 months of age. The authors found a progressive decline in PACAP levels, with highest expression at 6 months of age, in contrast to the other growth factors, where highest levels were observed at 12 months of age followed by an agerelated decline (Tripathy et al. 2012) . These results strongly suggest that PACAP decline may contribute to age-related cerebrovascular dysfunction associated with and aggravating several neuropathological conditions . These findings were later confirmed in cerebromicrovascular endothelial cells, which display age-related decline in PACAP mRNA expression accompanied by age-related increases in the expression of mRNAs for all three receptors (VPAC1, 2, and PAC1) (Banki et al. 2015) .
A contradictory result has been described in gerbil hippocampus (Du et al. 2011) . While most studies have described a decline in PACAP levels in aging, Du and coworkers found a more complex pattern in gerbil hippocampus (2011). PACAP levels decreased after birth in all hippocampal regions (hippocampus proper, dentate gyrus), at 3, 6, and 12 months of age, but later, at older ages (18 and 24 months of age), levels increased again. The exception was the mossy fiber zone, where PACAP expression was highest at 6 months of age, and a slight decrease could be observed at 24 months of age (Du et al. 2011) .
Several other studies have shown changes of PACAP receptors in aging. While VPAC2 receptor expression was not changed in aged rats, VPAC1 receptor expression reduced in the cerebral cortex, hippocampus, and amygdala (Joo et al. 2005; Lee et al. 2010) . Interestingly, PAC1 receptor immunoreactivity, on the other hand, has been found to be increased in specific brain areas of aged rats, where young rats had low levels of expression: neurons in the lateral septal nuclei, posterior thalamus, suprachiasmatic nucleus, and other areas in the hypothalamus, hippocampus, and mesencephalic structures like periaqueductal gray matter, nucleus of posterior commissure, and mesencephalic reticular nucleus. Furthermore, white matter oligodendrocytes were also found to have increased PAC1 receptor expression. In some areas, where young rats also show a high density of PAC1 receptorexpressing neurons (Joo et al. 2004 ) further increases were observed, such as in the medial habenula and anterior periventricular nucleus of the hypothalamus. Altogether, the authors found that the basic distribution pattern was unchanged, but PAC1 receptor expression increased in aged rats, which might represent a compensatory mechanism to prevent age-related decline of PACAP/PAC1-signaling pathways (Lee et al. 2010) . In contrast, Kallo and coworkers found no difference in PAC1 receptor mRNA in the suprachiasmatic nucleus of aged (19-20 month-old) rats, but reduced levels of VPAC2 receptor mRNA were observed compared to young animals (Kallo et al. 2004 ). In the retina, aging mice did not have a difference in PAC1 receptor expression, but differences were found in PACAP knockout mice: in young knockout mice, a significant elevation of PAC1 receptor was found, while in old animals, a marked reduction was observed, possibly indicating a compensatory mechanism at an early age, which is compromised in old age (Kovacs-Valasek et al. 2017 ).
In a recent study, the decrease in PAC1 receptor expression was found in structures undergoing degeneration in MPTP-induced macaque model of Parkinson's disease (Feher et al. 2018) . While there was no change in the receptor expression in an area not directly linked to Parkinson's disease (somatosensory cortex), marked reductions were observed in the striatum, external and internal pallidum, and putamen (Feher et al. 2018 ). The strong, specific decrease of PACAP receptor immunosignal in the basal ganglia of parkinsonian macaque monkey brains suggests that the PACAP/PAC1R system may play an important role in the development/progression of this age-related disease (Feher et al. 2018 ). This finding correlates with those of Chung et al. (2005) who studied the gene expression profile in the substantia nigra and ventral tegmental area in mice. They found that the expression of PACAP was significantly higher in the less vulnerable ventral tegmental area than in the primarily degenerated substantia nigra , possibly also accounting for the lower vulnerability of the ventral tegmental area in contrast to the substantia nigra in Parkinson's disease.
Aging also affects the ability of PACAP to cross the blood-brain barrier (Nonaka et al. 2002) . PACAP38 is known to cross the blood-brain barrier by a saturable system, showing regional differences throughout the brain (Banks 2016 ). Slower transport rates were observed in the whole brain, and specifically in the hippocampus, olfactory bulb, and hypothalamus of SAMP8 mice, a strain which shows accelerated aging associated with impaired learning and memory. This decreased transport is likely to contribute to the development of age-related cognitive decline and Alzheimer's disease and can influence the delivery of therapeutic agents (Nonaka et al. 2002) .
Although only sporadic studies have dealt with peripheral PACAP changes in aging, some data show that not only central but also peripheral PACAP expression is altered in aging. A marked reduction in the density of PACAP innervation in the subepithelial plexus and muscle layer of the urinary bladder have been found by Mohammed et al. (2002) in spite of the whole tissue amount remaining unchanged as measured by radioimmunoassay. Ureteric PACAP expression has also been found to decline in the distal part (Mohammed et al. 2002) . The reduced PACAPergic innervation of the urinary bladder and distal ureter in old age suggests a perturbation of the urinary sensory innervation, thus the afferent limb of the voiding reflex (Mohammed et al. 2002) .
Alterations in PACAP-mediated actions in aging
PACAP has diverse effects in the cardiovascular system (Parsons and May 2018) . Among others, it has strong vasodilatory effects, an action shown in vessels of many different organs of diverse species (Boni et al. 2009; Edvinsson 2016; Ivic et al. 2017a ) under normal and pathological conditions (Rubio-Beltran et al. 2018; Solymar et al. 2018 ). This effect has been shown to decrease with age, but the age-related decrease in the vasodilatory effect of PACAP seems to differentially affect central and peripheral arteries (Vamos et al. 2014) . While only a slight reduction in the vasodilatory action of PACAP in lower concentration range was observed in isolated basilar arteries, a significant and substantial reduction could be detected in isolated carotid arteries in middle aged (12 month-old) and aged (30 month old) rats (Vamos et al. 2014) . PACAPinduced vasomotor responses were also reduced in mice (Ivic et al. 2017b) .
PACAP-induced cAMP accumulation was shown to be lower in the suprachiasmatic nucleus of aging female rats, in contrast to forskolin-induced accumulation, which was not altered (Krajnak and Lillis 2002) . The authors concluded that this decreased responsiveness was either due to the decreased receptor number or to a decreased ability of PACAP to activate intracellularsignaling pathways in aging animals (Krajnak and Lillis 2002) . This effect may be in the background of agerelated decline in behavioral and cellular response to light and the ability of PACAP and cAMP to modulate phase-shifting effects of light.
PACAP-deficient mice-as a model of premature aging
Backup mechanisms may compensate the lack of PACAP in some, but not all, action sites. Backup mechanisms may be responsible for the lack of severe abnormalities in most organs in young age, but they might not be able to compensate PACAP deficiency under challenged conditions and aging (Maasz et al. 2014) . The most obvious compensatory mechanisms would be the VIP/VPAC receptor system. Earlier studies could not confirm this hypothesis as they found no upregulation of VIP in PACAP-deficient mice (Girard et al. 2006 ), but VPAC-mediated backup mechanisms have been recently proven to maintain vascular responses in both young and older ages in the carotid arteries of PACAP knockout mice (Ivic et al. 2017b ). Many other crosstalks and compensatory regulatory pathways have been linked to PACAP-deficiency, proven so far in a few organs, like during the development of various cells and tissues (Farkas et al. 2017; Fulop et al. 2018a; Reglodi et al. 2018a) . In contrast to all other organs, a delayed aging has been described in C57BL PACAP knockout mouse testis, similarly to findings in VIP knockout mice (Lacombe et al. 2006 (Lacombe et al. , 2007 . The testicular degeneration might be due to the production of reactive oxygen species, byproducts of steroidogenesis, a process known to be induced by PACAP along with increased spermatogenesis (Lacombe et al. 2006; Reglodi et al. 2018a ).
One of the first studies showing what functional consequences PACAP deficiency has in aging was in cerebromicrovascular endothelial cells (Banki et al. 2015) . The age-related decline in PACAP levels in isolated cells was accompanied by impaired capacity to form capillary-like structures and increased apoptosis. In young cerebromicrovascular endothelial cells, knockdown of autocrine PACAP expression mimicking PACAP deficiency, significantly impaired tube formation ability resulting in an aging phenotype. This shows that age-related dysregulation of endogenous PACAPregulated pathways may contribute to cerebrovascular impairments in aging (Banki et al. 2015) .
Recently, it has been shown that PACAP affects aging of various tissues of the eye. Tear secretion and corneal regeneration are compromised in aging PACAPdeficient mice Shioda et al. 2018) . Decreased tear secretion accompanied by increased corneal keratinization was observed in aging PACAP-deficient mice, more severe in females than in males ). In young animals, no difference was found between wild type and PACAP knockout mice, but after 20 weeks of age, significant differences started to appear, with opacity in the eyes and increased corneal angiogenesis even in the heterozygous mice ). These results show that PACAP deficiency could serve as a model for dry-eye syndrome, and PACAP treatment could alleviate symptoms of this common ophthalmic disease. Another recent study has described accelerated retinal aging in mice lacking endogenous PACAP (Kovacs-Valasek et al. 2017) . In young animals, no difference could be found in the basic retinal morphology, but marked changes could be observed in aging similarly to earlier findings in ischemia-induced retinopathy . In retinas of aged KO animals, horizontal and rod bipolar cell sprouting was observed into the photoreceptor layer and a decreased ganglionic cell number was detected. Muller glial cells displayed an increased glial fibrillary acidic protein expression, typical in increased retinal damage (Werling et al. 2016) . Several further differences were found in the activation of MAPK-signaling pathways (Kovacs-Valasek et al. 2017) . These results clearly indicate that lack of endogenous PACAP accelerates retinal aging.
Our most recent results show that PACAP-deficient mice exhibit a type of systemic amyloidosis that appears more generalized, more severe, more advanced, and appears in more individuals than in wild-type mice (Reglodi et al. 2018c) . We have systematically described organ-specific appearance of amyloid deposits and found most severe and early deposits in the gastrointestinal tract, kidney, liver, spleen, skin, thyroid, and trachea, with apolipoprotein-AIV being the dominating amyloid protein in the deposits. Central and peripheral nervous system was devoid of these amyloid deposits. Tissue damages were also accompanied by functional disturbances, including increased serum creatinine levels indicative of kidney malfunction. The systemic severe amyloidosis may also explain the observation that PACAP-deficient mice have increased spontaneous mortality (Reglodi et al. 2018c) . In spite of no apparent inflammatory histological changes or blood cell counts and serum parameters, a disturbed cytokine profile was found, possibly creating a pro-inflammatory milieu that favors deposition of amyloid in different organs (Reglodi et al. 2018c) .
Another possible factor contributing to the increased vulnerability and accelerated aging can be the diminished antioxidant potential in PACAP deficiency. PACAP itself possesses very weak or no antioxidant effects (Ohtaki et al. 2010; Reglodi et al. 2004; Solymar et al. 2018) . However, several studies have shown that PACAP has indirect antioxidant capacity by decreasing oxidative stress and its consequences as well as by inducing the expression of antioxidant molecules (Douiri et al. 2016; Ferencz et al. 2009; Masmoudi-Kouki et al. 2011) , an action compromised in PACAP-deficient mice (Ferencz et al. 2010; Laszlo et al. 2015; Szakaly et al. 2011; Vaudry et al. 2005) . One study has evaluated the antioxidant status of PACAPdeficient mice in aging (Ohtaki et al. 2010) . The authors found that while there was no difference in the plasma oxidative metabolite concentration and the antioxidative potential between wild type and PACAP KO mice at young age, there was a significant decrease in the antioxidant potential accompanied by an increase in oxidative metabolites in aging PACAP KO mice compared to wild types. This phenomenon was also present in heterozygous mice, although to a lesser extent than in homozygous animals. These results show that the ability of the animals fighting against oxidative stress is severely damaged in the lack of PACAP at older ages, probably contributing to several pathological conditions and the increased vulnerability of these mice (Ohtaki et al. 2010) . A proteomic analysis from brain samples of PACAP KO mice has also revealed several differences in proteins involved in metabolic processes, energy homeostasis, and structural integrity (Maasz et al. 2014; Rivnyak et al. 2018) . These results suggest that the disturbed energy balance and metabolic status can be partially compensated under unchallenged circumstances, but not under pathological conditions and aging.
Reversal of age-related pathophysiological changes by PACAP
The protective effects of PACAP in models of neurodegenerative diseases have been widely documented and its effects in models of Parkinson's, Huntington's, and Alzheimer's diseases are known (Cabezas-Llobet et al. 2018; Reglodi et al. 2011 Reglodi et al. , 2017 Yang et al. 2015) . However, in spite of these diseases characteristically appearing in older ages, most studies have been performed in young animals, which can yield misleading extrapolations to older age groups (Tamas et al. 2005 . In a unilateral 6-OHDA-induced model of Parkinson's disease, the protective efficacy of PACAP has been compared in young and old animals . It was found that although to a lesser extent, PACAP was still able to ameliorate hypokinetic and asymmetrical behavioral symptoms in old animals and could also reduce dopaminergic cell loss in the substantia nigra, indicating that the neuroprotective effects of PACAP were still present in older ages. Direct evidence for PACAP reversing age-related conditions is still very limited. Interestingly, one of the first results came from an invertebrate model of aging (Pirger et al. 2014) . As PACAP is a remarkably wellconserved neuropeptide, a lot of its actions are also present in lower animals, including invertebrates (Kiss and Pirger 2013; Krajcs et al. 2015; Lugo et al. 2013; Mertens et al. 2007; Ng et al. 2012) . These include actions that are important in aging processes, like apoptosis (Pirger et al. 2008) , regeneration (Varhalmi et al. 2008) , immune (Somogyi et al. 2009 ), and cognitive (Pirger et al. 2010 ) functions. A recent study has described that PACAP is able to decrease the deteriorating effects of rotenone, a neurotoxin inducing parkinsonian effects in mollusks (Maasz et al. 2017) . PACAP treatment could decrease mortality, attenuate the hypokinetic effects of rotenone treatment, and also reverse the dopamine loss (Maasz et al. 2017) . A study more directly related to aging has found that PACAP is able to reverse age-related cognitive decline in the pond snail (Pirger et al. 2014) . Exogenous PACAP treatment is known to be both necessary and instructive for memory formation after reward conditioning in the pond snail (Pirger et al. 2010) . In aging snails, where endogenous PACAP levels were found to be lower and memory is declining, exogenous PACAP treatment could boost memory formation indicating that PACAP is able to attenuate age-related memory loss (Pirger et al. 2014 suggesting that in these model organisms, the antigeronic effects of PACAP are synergistic with/similar to that of IGF-1, the receptor signaling, and antiapoptotic effects of which require PAC1 receptor transactivation (Delcourt et al. 2007 ). These findings support the concept that although depending on different upstream signaling pathways, the CNS effects of IGF-1 and PACAP converge into common transcriptional cascades. In light of these findings, IGF-1 deficiency and PACAP-deficiency share similarities not only during development but also during age-related processes Bennis et al. 2017; Fang et al. 2017; Fulop et al. 2018b; Podlutsky et al. 2017; Sonntag et al. 2013; Tarantini et al. 2017 ). Regarding the above-described age-related decline of PACAP in cerebromicrovascular endothelial cells associated with impaired angiogenic capacity, it has been shown that this impaired angiogenesis can be reversed by PACAP. Overexpression of the peptide in aged cells resulted in a young phenotype in tube-formation capacity and caspase activity, and the same results were obtained by exogenous PACAP treatment (Banki et al. 2015) .
In summary, our review described findings associated with the cytoprotective peptide PACAP in aging. It is proposed that several age-related symptoms can correspond to decline in PACAP signaling. The decreased protective effects in lack of endogenous PACAP accelerate age-related degeneration and PACAP knockout mice display age-related degenerative signs earlier than wild-type animals. Thus, PACAP deficiency mimics aspects of age-related pathophysiological changes including increased neuronal vulnerability and systemic degeneration accompanied by increased apoptosis, oxidative stress, and inflammation, and we suggest that PACAP deficiency could be a good model of premature aging (proposed concept summarized in Fig. 1 ). 
